Dendrites from a single neuron may be highly branched but typically do not overlap. Self-avoidance behavior has been shown to depend on cell-specific membrane proteins that trigger mutual repulsion. Here we report the unexpected discovery that a diffusible cue, the axon guidance protein UNC-6 (Netrin), is required for self-avoidance of sister dendrites from the PVD nociceptive neuron in Caenorhabditis elegans. We used time-lapse imaging to show that dendrites fail to withdraw upon mutual contact in the absence of UNC-6 signaling. We propose a model in which the UNC-40 (Deleted in Colorectal Cancer; DCC) receptor captures UNC-6 at the tips of growing dendrites for interaction with UNC-5 on the apposing branch to induce mutual repulsion. UNC-40 also responds to dendritic contact through another pathway that is independent of UNC-6. Our findings offer a new model for how an evolutionarily conserved morphogenic cue and its cognate receptors can pattern a fundamental feature of dendritic architecture.
a r t I C l e S Sensory neurons form highly branched networks of dendritic processes. Despite the complexity of these structures, dendrites arising from a given neuron rarely overlap. This phenomenon of selfavoidance is widely observed and is presumed to serve to maximize coverage of the receptive field [1] [2] [3] . Studies in Drosophila melanogaster have revealed that the cell surface proteins Dscam, Turtle and Flamingo can mediate self-avoidance and thus suggest that physical contact between sister dendrites is sufficient to trigger mutual repulsion [4] [5] [6] [7] [8] . Differential expression of the many available Dscam isoforms offers an elegant solution to the problem of distinguishing self from non-self by providing unique combinations of markers for specific neuron types. A much smaller array of distinct Dscam isoforms is produced in mammals, however, and thus is unlikely to account for the majority of self-avoidance decisions in vertebrate neural development 9 . Overall, the molecular roles of other determinants of dendritic architecture are also poorly understood 3 .
In contrast, the outgrowth of axons has been linked to a wide array of guidance cues and receptors. For example, the extracellular protein Netrin is secreted from specific donor cells to generate a graded signal that directs axon growth [10] [11] [12] . Netrin can also function as a short-range cue on either the membrane of the secreting cell or after capture by distal guidepost cells to direct local axon trajectory [13] [14] [15] [16] [17] . The axon guidance function of Netrin is evolutionarily conserved and depends on interaction with specific receptor proteins including UNC-40 (DCC) and 19) . Here we exploit the morphological simplicity of the PVD nociceptive neuron [20] [21] [22] [23] in the model organism C. elegans and its accessibility to live cell imaging to detect a new function for UNC-6 (Netrin) in dendritic self-avoidance. We also show that this mechanism depends on physical contact between sister dendrites. Our finding provides the first example of a diffusible cue in this role and therefore expands the repertoire of potential self-avoidance components to include other established extracellular signaling molecules and the pathways that they control.
RESULTS
PVD neurons exhibit dendritic self-avoidance PVD neurons display a highly branched network of sensory processes in which a collection of dendritic trees, or 'menorahs' , is rooted in a common primary (1°) dendrite ( Fig. 1a,b) [20] [21] [22] 24 . This well-ordered and non-overlapping array of PVD dendrites is generated by a combination of defined branching events and an error correction mechanism in which sister dendrites are repelled by mutual contact 20, 22 . The patterning role of self-avoidance is evident in the outgrowth of tertiary (3°) dendrites. In each menorah, paired 3° dendrites project along a sublateral nerve cord in either an anterior or posterior direction ( Fig. 1a,b ). We used time-lapse imaging to establish that growth continues until the tip of one 3° dendrite contacts another 3° branch pointing in the opposite direction 20 . Touch evoked rapid withdrawal that resulted in an eventual gap between 3° dendrites from adjacent menorahs. This mechanism readily accounts for the observation that the inter-tip gap distance was constant between flanking 3° dendrites but that adult branch length and termination points were highly variable for PVD neurons in different individuals ( Fig. 1c) .
As a further test of a self-avoidance model, we used a mutant of the EGL-46 (Nerfin) zinc finger transcription factor to reduce the overall number of PVD menorahs 20 . This genetic background effectively widens the spacing between the branch initiation points of adjacent 3° dendrites ( Fig. 1d) . Thus, this approach uses a genetic strategy to answer the question: if repulsion specifies the regular layout of PVD dendrites, what is the consequence of branch ablation? Our results showed that 3° branches were significantly longer in the egl-46 mutant but that the inter-tip gap was maintained ( Fig. 1e) . Thus, these a r t I C l e S observations rule out models in which branch length is determined by a fixed yardstick or defined by external landmarks but favor the idea that the non-overlapping PVD dendritic architecture is achieved through a contact-dependent mechanism of self-recognition.
UNC-6 signaling is required for dendritic self-avoidance
We generated a PVD expression profile 20 and used genetic analysis of known axon guidance molecules suggested by this list to test for potential roles in dendritic morphogenesis ( Supplementary Table 1 ). We noted that genetic ablation of the UNC-6 receptors UNC-40 and UNC-5 altered several aspects of PVD morphology ( Supplementary Fig. 1 ; refs. 20,24). One result was the aberrant occurrence of overlaps between flanking menorahs in the adult ( Fig. 2a ). We used time-lapse imaging to establish that this mutant phenotype arises from a self-avoidance defect. In the wild type, 3° dendrites from adjacent menorahs grew toward each other but quickly retracted, with >50% regressing within 3 min of contact and <13% still touching at the 10-min mark; ultimately, less than 2% of wild-type 3° dendrites overlapped with each other (Fig. 2,  Supplementary Movie 1 and Supplementary Fig. 2 ). In contrast, in unc-40(e271) mutants, 76% of adjacent 3° dendrites failed to withdraw within 10 min of contact and almost one-third (29%) never regressed ( Fig. 2a, Fig. 2) . Similar defects were captured in time-lapse movies of unc-5(e152) mutants (Supplementary Movie 3 and Supplementary Fig. 2 ).
Motivated by these results, we examined the mutant unc-6(ev400) and detected 3° dendrite self-avoidance defects resembling those of unc-40 and unc-5 mutants ( Fig. 2a ). If these genes function in a common pathway, double mutants between unc-6 and each of its receptors should fail to enhance the self-avoidance defect of either single mutant. This prediction was confirmed for the self-avoidance defect arising from the combination of unc-5 and unc-6, which was comparable to that of either unc-5 or unc-6 alone ( Supplementary  Fig. 3 ). However, the unc-40 mutation enhanced both the unc-5 and unc-6 single mutant self-avoidance phenotypes. These results are consistent with a model in which unc-40 exercises a role in selfavoidance that is independent of unc-6 signaling through unc-5. In addition, because neither unc-5 nor unc-6 enhanced the unc-40 self-avoidance defect ( Supplementary Fig. 3 ), we conclude that unc-40 also functions in the unc-6-and unc-5-dependent pathway.
Here we describe experiments designed to establish the mechanism whereby UNC-6 and its receptors, UNC-40 and UNC-5, mediate dendritic self-avoidance.
Self-avoidance requires UNC-6 but not a graded UNC-6 signal UNC-6 is secreted from ventral cells to direct axonal outgrowth and cell migration along the dorso-ventral body axis 10, 25 . When this ventral source of UNC-6 was removed, in unc-6(ev400) mutants, 18% of PVD 3° branches overlapped ( Fig. 3) . This defect was complemented by UNC-6 expression with the native unc-6 promoter ( Fig. 3d) . Transgenic expression of UNC-6 in a ventral neuron (AVA) with the rig-3 promoter 26 also improved the self-avoidance response (8% overlapping branches, P = 0.02 versus unc-6), indicating that UNC-6 expression from ventrally located cells is sufficient to mediate PVD 3° branch self-avoidance ( Fig. 3d) .
Although extracellular UNC-6 protein is presumably distributed in a ventral to dorsal gradient, we did not observe a significant npg a r t I C l e S difference (P > 0.05) in the extent of self-avoidance errors in ventral versus dorsal 3° branches in unc-6(ev400) (Supplementary Fig. 4) . We next used a heat shock promoter (hsp16.2) to drive expression of UNC-6 in all cells 27 and thereby directly determine whether a ventral to dorsal gradient of UNC-6 is required for self-avoidance. Although global expression of UNC-6 is known to disrupt axon guidance along the dorso-ventral axis 27 , ubiquitous UNC-6 expression in a wild-type background during multiple larval stages did not perturb PVD 3° branch self-avoidance ( Fig. 3b,d) .
We reasoned that UNC-6 might function as a permissive cue in this case, such that a specific source or gradient of UNC-6 is not necessary provided sufficient ligand is available. This idea was substantiated by our finding that global expression of UNC-6 in unc-6(ev400) mutants with the heat shock promoter before the L3 larval stage rescued 3° branch self-avoidance (9% overlapping branches, P = 0.04 versus unc-6) ( Fig. 3c,d) . In addition, we showed that expression of UNC-6 in PVD with the F49H12.4 promoter 28 also rescued unc-6(ev400) self-avoidance defects (7% overlapping branches, P = 0.01 versus unc-6) ( Fig. 3d) . On the basis of these results, we conclude that PVD dendritic self-avoidance is independent of the UNC-6 gradient and therefore that UNC-6 does not provide a directional signal to repel dendritic outgrowth. We considered an alternative model in which the mere availability of UNC-6 is sufficient to trigger repulsion and next asked the question of when this function is required.
UNC-6 is required during the period when dendrites self-avoid Time-lapse imaging established that PVD 3° branch self-avoidance occurred during the L3 larval stage 20 . If UNC-6 is directly involved in self-avoidance, then UNC-6 function should be required during this period. We used a conditional unc-6 allele (rh46) to test this idea in temperature shift experiments that regulate temporal UNC-6 activity 29 .
unc-6(rh46) mutants grown at the restrictive temperature (25 °C) showed a self-avoidance defect (28% of overlapping 3° branches, Fig. 3g ) comparable to that of the unc-6(ev400) null allele (P = 0.14 ev400 versus rh46), which suggests that the rh46 point mutation results in a dysfunctional UNC-6 protein at restrictive temperature 29 . The self-avoidance defect was weaker but still significant at 15 °C ( Fig. 3g , 8% of overlapping 3° branches, P = 0.006 versus 25 °C control, P = 0.047 versus N2), indicating that the rh46 mutant UNC-6 protein is only partially active at permissive temperature. We shifted unc-6(rh46) worms from restrictive temperature (25 °C) to permissive temperature (15 °C) at succeeding developmental stages ( Fig. 3f,g) . unc-6(rh46) larvae downshifted at the L2/L3 transition and then maintained at permissive temperature until the adult showed a self-avoidance defect comparable to that of control worms grown continuously at 15 °C ( Fig. 3g , 10% overlapping branches, P = 0.007 versus 25 °C control). In contrast, downshifts to permissive temperature (that is, restoration of UNC-6 activity) after the L2/L3 transition resulted in a self-avoidance defect as severe as that of unc-6(rh46) mutants grown continuously at the restrictive temperature ( Fig. 3g , These results indicate that self-avoidance does not depend on UNC-6 function during embryonic and early larval development but that UNC-6 is required after the beginning of the L3 stage.
Similar temperature upshift experiments confirmed that loss of UNC-6 function during the L3 larval period enhanced the rh46 self-avoidance defect, but later shifts to restrictive temperature after 3° branch outgrowth was complete (that is, L3/L4 or L4/young adult) did not result in a severe branch overlap phenotype (Supplementary Fig. 5 ). Thus, our results are consistent with a model in which UNC-6 function is required for self-avoidance during a brief developmental window in the L3 larval stage in which 3° dendrites actively engage in outgrowth and contact-dependent repulsion. This finding argues against the possibility that UNC-6 signaling fulfills an earlier, indirect role in which it primes PVD dendrites for self-avoidance by regulating expression 30 , for example, of an alternative set of interacting components.
UNC-40 and UNC-5 function cell-autonomously in PVD
Genetic ablation of UNC-5 and UNC-40 resulted in significant overlap of 3° dendrites (Fig. 2a) . Because UNC-5 and UNC-40 have been previously shown to function as receptors for UNC-6 (refs. 10, 18, 19) and because UNC-5 and UNC-40 transcripts were enriched in our PVD microarray data set 20 , we reasoned that UNC-5 and UNC-40 are likely to act in PVD to prevent overlap of 3° dendrites. This model predicts that expression of UNC-5 and UNC-40 in PVD should be sufficient to restore self-avoidance to the corresponding unc-5 or unc-40 mutants.
Expression of UNC-40 with its endogenous promoter in unc-40(e271) mutants reduced the frequency of overlapping branches from 29% to 5% (P = 3 × 10 −5 versus unc-40) (Fig. 4) . UNC-40 expression with the PVD promoters F49H12.4 (ref. 28) or ser2prom3 (ref. 31 ) also showed significant rescue (8% overlapping 3° branches, P = 5 × 10 −7 versus unc-40) (Fig. 4c,d) . Thus, these results indicate a cell-autonomous function of UNC-40 in PVD.
We have previously noted that a substantial fraction of PVD 2° branches fasciculate with motor neuron commissures that also project from the ventral to dorsal side of the worm 20 . To determine whether PVD dendritic self-avoidance is indirectly compromised by commissural axon guidance defects in unc-40(e271) 18 , we restored UNC-40 expression to ventral cord motor neurons with the unc-25 promoter 32 . Motor neuron expression of UNC-40 largely rescued commissural axon outgrowth to the dorsal cord, as expected 18 (Supplementary  Fig. 6 ), but did not restore PVD self-avoidance ( Fig. 4d) .
In similar experiments, expression of UNC-5 under its endogenous promoter resulted in a significantly reduced fraction of overlapping branches in the unc-5(e152) mutant ( Fig. 5 ) (7%, P = 8.6 × 10 −5 versus unc-5). A cell-autonomous role for UNC-5 in PVD is consistent with our finding that UNC-5 expression with the F49H12.4 promoter also rescued the UNC-5 self-avoidance defect (Fig. 5b,d , P = 1.8 × 10 −4 versus unc-5). Restoration of UNC-5 expression in motor neurons did not complement unc-5(e152) PVD self-avoidance errors (Fig. 5d) but did repair the uncoordinated phenotype that arises from misguided motor axon outgrowth (data not shown) 33, 34 . The results of these cellspecific rescue experiments show that UNC-5 function is required in the PVD dendrites to prevent overlap of 3° branches.
UNC-40 localizes UNC-6 to PVD dendrites
Consistent with the hypothesis that UNC-40 function is required in PVD dendrites, PVD expression of a GFP-tagged functional UNC-40 protein (UNC-40øGFP) 27 resulted in distinct GFP puncta in PVD processes (Fig. 3e) . Moreover, UNC-40øGFP puncta could be readily seen at the tips of 3° dendrites, where contact-dependent selfavoidance occurs (Fig. 4e,g) .
We considered the possibility that UNC-6 functions as a contactdependent repellent and tested this idea with an experiment designed to detect UNC-6 at the surface of PVD dendrites. We used the endogenous unc-6 promoter to drive expression of UNC-6øYFP 35 . a r t I C l e S Although this transgene rescued unc-6 axon guidance defects and therefore must yield a secreted, functional UNC-6øYFP protein, UNC-6øYFP was too diffuse to detect in the wild-type outside of the ventral cells in which it is expressed (Supplementary Fig. 7 ) 35 .
To enhance the sensitivity of this assay, we labeled UNC-40 with the fluorescent protein mCherry and expressed it in PVD. In this background, UNC-6øYFP was evident as YFP puncta that overlapped with mCherryøUNC-40 ( Fig. 4f,g) . In contrast, expression of UNC-5 in PVD rescued the unc-5 self-avoidance defect (Fig. 5d ) but did not result in detectable localization of UNC-6øYFP on PVD (data not shown). These results are consistent with a model in which UNC-40, but not the UNC-5 receptor, captures UNC-6 from the extracellular space at the surface of PVD dendrites. This idea is supported by our finding that PVD expression of a truncated UNC-40 protein lacking the UNC-6-binding extracellular domain (PVDøUNC-40∆ECTO) did not restore 3° branch self-avoidance in unc-40(e271) mutants (20% overlapping dendrites, P = 0.23 versus unc-40), whereas PVD expression of intact UNC-40 protein was sufficient (Fig. 4d) . To rule out the possibility of a dominant negative effect, we determined that the PVDøUNC-40∆ECTO protein did not disrupt self-avoidance in a wild-type background (data not shown).
UNC-6 bound to UNC-40 functions as a short-range cue
Our results show that UNC-6 secreted from a ventral source can be captured by UNC-40 at the surface of PVD dendrites. Because PVD sister dendrite repulsion depends on direct contact, we wondered whether UNC-6 bound to UNC-40 at the tips of touching 3° dendrites could trigger this response. In this model, UNC-40 might adopt a role in which it positions UNC-6 at this critical location to activate withdrawal of an apposing dendrite. This idea mirrors the observation that Drosophila DCC (Frazzled; Fra) can sequester exogenous NetrinB at the surface of guidepost cells to steer local axon outgrowth in a contact-dependent mechanism 13 . Our model predicts that UNC-6 protein tethered to the UNC-40 receptor can function as a short-range cue. To test this idea, we fused UNC-6 to the extracellular region of UNC-40 (PVDøUNC-6øUNC-40) and expressed the chimeric protein in PVD. This membrane-bound form of UNC-6 rescued the dendritic self-avoidance defects of unc-6(ev400) worms (8% overlapping 3° branches, P = 0.02 versus unc-6) (Fig. 3d) . Expression in AVA interneurons in the ventral nerve cord with the rig-3 promoter 26 (ventraløUNC-6øUNC-40), however, did not restore self-avoidance to unc-6(ev400) mutants and therefore confirmed that the UNC-6øUNC-40 fusion protein is not released from the cell surface (Supplementary Fig. 8 ). Thus, our results are consistent with a model in which UNC-40 localizes exogenous UNC-6 to the surface of PVD dendrites, where it functions as a short-range cue to trigger self-avoidance. This configuration may be specifically required because PVD expression of UNC-6 fused to the N terminus of a different transmembrane protein, NLG-1 (neuroligin) (PVDøUNC-6øNLG-1) 17 , did not rescue self-avoidance in unc-6(ev400) mutants (Fig. 3d) .
Self-avoidance is mediated by UNC-5 signaling
The next problem to consider was how apposing PVD dendrites might detect this local UNC-40-bound UNC-6 ligand. Because of the well established role of UNC-5 in mediating repulsive responses to Netrins 14, 19, 33 , and our finding that UNC-5 expression in PVD was necessary for self-avoidance, we imagined that UNC-5 could provide this function. An UNC-5 protein with a mutation in the extracellular immunoglobulin domain that disrupts UNC-6 binding failed to rescue self-avoidance when expressed in unc-5(e152) mutants (Fig. 5d , 20% overlapping branches, P = 0.83 versus unc-5). This finding is consistent with genetic results (Supplementary Fig. 3) showing that unc-5 and unc-6 function in a common pathway to mediate self-avoidance and with the proposal that UNC-6 binding to UNC-5 is necessary for this interaction. Genetic analysis in C. elegans has shown that UNC-5 can mediate UNC-6-dependent repulsion either in concert with UNC-40 or independently 34 . These UNC-5 functions depend on specific conserved cytoplasmic domains: the Z-D sequence is necessary for UNC-40-independent signaling, whereas the ZU-5 region is required for UNC-40-dependent activity 34 .
To distinguish between these models, we tested mutant versions of the UNC-5 protein that lacked either the Z-D region (UNC-40independent signaling) or the ZU-5 domain (UNC-40-dependent signaling). Previous work has shown that UNC-5 localization is not disrupted by these mutations 34 . Transgenic expression of the UNC-5 protein lacking the Z-D domain (UNC-5∆ZD) did not restore selfavoidance to an unc-5(e152) mutant ( Fig. 5c,d , 22% overlapping branches, P = 0.79 versus unc-5). In contrast, deletion of the ZU-5 region (UNC-5∆ZU-5) that is required for UNC-40-dependent signaling significantly improved the frequency of self-avoidance in comparison to the unc-5(e152) mutant alone (Fig. 5d, 9% overlapping npg a r t I C l e S branches, P = 3 × 10 −4 ). These results are consistent with a model in which UNC-5-mediated repulsion does not depend on interactions in cis with the UNC-40 protein but rather UNC-40 function is required for localizing UNC-6 for binding in trans to UNC-5 at the apposing tip of the adjacent 3° dendrite.
UNC-40 signaling is required for self-avoidance
Although the UNC-6øUNC-40 fusion protein rescued the unc-6 mutant ( Fig. 3d) and therefore is likely to function as a membranebound cue to trigger dendrite repulsion, UNC-6:UNC-40 did not restore self-avoidance to unc-40(e271) mutants (Fig. 4d) . One explanation for this result is that unc-40 signaling is not active in the UNC-6ø UNC-40 fusion protein and that this UNC-40 function is necessary for self-avoidance. We tested this idea with a modified UNC-40 protein that lacked the intracellular domain (ICD) that mediates UNC-40 downstream signaling 36, 37 . Notably, PVD expression of this truncated UNC-40 protein (PVDøUNC-40∆ENDO) in unc-40(e271) mutants did not rescue dendrite repulsion (Fig. 4d) . Thus, our results indicate that UNC-40 provides the dual roles of capturing UNC-6 at the PVD cell surface for interaction with UNC-5 as well as activating a downstream pathway to mediate self-avoidance.
DISCUSSION
Dendrites from a single neuron may be highly branched but rarely touch one another 2, 9 . The absence of overlap arises from a mechanism in which sister dendrites are mutually repelled by transient encounters during outgrowth. The necessity of physical contact for self-avoidance is indicative of interaction between surface markers that trigger repulsion 2 . This model is substantiated by the recent discovery that membrane proteins can mediate self-avoidance in Drosophila sensory neurons [5] [6] [7] [8] . Here we describe a new mechanism in the nematode, C. elegans, in which this self-recognition function is provided by a diffusible cue (Supplementary Fig. 9) .
Our results show that UNC-6 (Netrin) is secreted from ventral cells to modulate self-avoidance of PVD sensory neuron dendrites in distal, lateral locations. We propose that UNC-6 is sequestered at the surface of PVD dendritic branches by the canonical receptor UNC-40 (DCC) where it is positioned to trigger a repulsive response on contact with UNC-5 on the apposing dendrite. PVD self-avoidance also depends on UNC-40 function in a separate pathway that does not require unc-5 and unc-6 ( Supplementary Fig. 9) .
In some respects, our model parallels an earlier finding in which Drosophila DCC (Frazzled) functions in guidepost cells to capture Netrin as a local guidance cue for nearby axons 13, 38, 39 . In this setting, however, the Netrin receptor in the responding cells is unknown and this signaling event occurs between separate cells. In the model that we have proposed, UNC-5 mediates a negative response to UNC-6 (Netrin) between spatially distinct membrane regions of the same cell. Netrin has also been shown to function as a short-range signal for axonal and dendritic guidance in other contexts and for defining the placement of synapses between specific neurons [14] [15] [16] [17] . The phenomenon of selfavoidance that we have detected includes additional features that point to a complex mechanism. In addition to the proposed role for UNC-40 of sequestering UNC-6 for interaction with UNC-5, our genetic evidence (Supplementary Fig. 3) indicates that UNC-40 also functions in a parallel self-avoidance pathway that does not involve unc-5 and unc-6. UNC-6-independent signaling by UNC-40 has been previously observed 18, 30, 40 and is suggestive of additional UNC-40 activating ligands. Previous work has shown that UNC-5 and DCC can signal independently of each other to mediate repulsion to Netrins 14,18,41,42 , but our findings include the additional observation that this activity requires physical contact between apposing dendrites.
In addition to expanding the repertoire of self-avoidance proteins, our discovery that UNC-40 and UNC-5 are involved suggests that other established Netrin signaling proteins could also be used to trigger repulsion. For example, we note that the UNC-6 pathway components UNC-34 (Ena), CED-10 (Rac) and MIG-10 (lamellipodin) [43] [44] [45] are highly expressed in PVD and therefore available for this role 20 . The significance of this possibility is underscored by the lack of knowledge of the downstream mechanisms that reorganize the dendritic cytoskeleton to effect mutual repulsion 46 . For example, the intracellular proteins tricornered (trc) and furry (fry) are required for dendritic self-avoidance in a subset of Drosophila sensory neurons, but mechanisms that activate these components are poorly defined 7, 47 . In addition, the cytoplasmic domain of Dscam is necessary for selfavoidance, but no downstream effectors have been identified 6 .
We have established that UNC-6 is required for self-avoidance of PVD dendrites. However, our results also point to additional mechanisms for regulating isoneuronal repulsion. We note that most (~65%) of PVD 3° dendrites undergo normal self-avoidance in strong loss-offunction alleles of UNC-6 pathway genes (Fig. 2) . This result parallels the observation that mutants in self-avoidance genes in Drosophila (for example, Dscam, Turtle) and C. elegans (for example, eff-1) are also incompletely penetrant 6, 8, 22 .
Although our results reveal a new role for Netrin signaling in dendritic self-avoidance, the model that we have proposed involving a single cue and its receptors is unlikely to provide a general solution to the problem that individual neurons face of distinguishing self from non-self. The cell surface markers Dscam and protocadherins, which can be expressed in many alternative forms, are proposed to fulfill this role by providing unique combinations of labels for marking single neuron types in complex neural environments 9 . However, our discovery of a mechanism whereby an exogenous cue can be used to pattern dendritic self-avoidance suggests that other extracellular signals and their receptors could be similarly employed. This possibility significantly expands the potential utility of this self-avoidance strategy.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website. a r t I C l e S
